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Abstract In this study, changes in the chemical and physical properties of yellow 
poplar were investigated during torrefaction. The torrefaction temperature was an 
important factor for changing the chemical compositions of the biomass. In par¬ 
ticular, hemicelluloses were significantly affected by the torrefaction temperature. 
The torrefied biomass contained lower xylan and higher glucan and lignin con¬ 
centrations than the raw material. The carbon content of the torrefied biomass 
increased from 44.80 to 52.96 % as the severity factor (SF), whereas the oxygen and 
hydrogen contents decreased from 45.08 to 36.77 and 5.89 to 5.62 %, respectively. 
The high carbon content in the torrefied biomass induced a decrease in the U/C and 
O/C ratios. The calorific value and weight loss increased proportionally to the SF. 
Under severe torrefaction conditions, the calorific value of the torrefied biomass was 
20.84 MJ/kg, which represents an increase of 15.01 % compared to the raw 
material. Regarding the physical properties of the torrefied biomass, the moisture 
uptake capacity and specific energy consumption for grinding of biomass signifi¬ 
cantly decreased with increasing torrefaction severity. The torrefied biomass 
(55.1-65.6 kWh/t) required less energy than the raw material (145 kWh/t) for size 
reduction. 
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Introduction 

Recently, high prices of crude oil are causing an economic problem worldwide. It is 
clear that increasing demand and limiting supply of petroleum will sustain the rising 
prices and increase competition for secure petroleum supplies. To overcome this 
problem, biomass rather than fossil fuel is being increasingly utilized (Chen et al. 
2011; Sims et al. 2006). In particular, lignocellulosic biomass plays an important 
role in the production of sustainable energy because it is renewable, abundant, 
relatively inexpensive, and often locally available. The currently high level of 
interest in lignocellulosic biomass conversion technology is driven by the potential 
of producing fuels and chemicals to reduce dependence on petroleum and reduce 
greenhouse gas emissions. 

However, some specific properties of lignocellulosic biomass, such as high 
volatile content, high oxygen content, structural heterogeneity, low density, and 
high water content, present major obstacles for its use as an energy feedstock for 
solid fuel (Pala et al. 2014). Therefore, pretreatment technologies are needed to 
convert biomass into solid fuel. Many thermochemical conversion technologies, 
including carbonization, torrefaction, pyrolysis, and gasification, have been 
developed to treat lignocellulosic biomass (Chin et al. 2013; Lee et al. 2012; Pala 
et al. 2014). 

Torrefaction is a mild thermal pretreatment process conducted in the temperature 
range of 200-300 °C under an inert or nitrogen containing atmosphere (Prins et al. 
2006). This process generally results in approximately 10 % energy loss and 30 % 
weight loss depending on the torrefaction conditions (Peduzzi et al. 2014). Most of 
the hydroxyl groups and organic volatiles are removed from the biomass during 
torrefaction. Torrefaction provides hydrophobic conditions for the biomass, and the 
biomass becomes dry, darker, and brittle (Bourgeois et al. 1989). The torrefied 
biomass presents suitable chemical and physical characteristics for long-distance 
transportation and long-term storage. Additional, advantages of torrefaction include 
a higher calorific value and energy density with a low O/C ratio (Phanphanich and 
Mani 2011). Therefore, the torrefied biomass can be utilized as a solid fuel for home 
or industry use. It can also be co-fired with coal in a pulverized coal-fired boiler 
(Bergman et al. 2005). 

Yellow poplar has been reported to acclimate well to barren soil and highlands. 
Its fast growth and high capacity for carbon absorption has led the Korea Forest 
Service to value this species as a major planting species, and it has thus been planted 
extensively in Korea for the production of woody biomass (Gwak et al. 2009). In 
this study, torrefaction was performed for yellow poplar under different temper¬ 
atures and for different times. Additionally, the chemical and physical properties of 
biomass were investigated to understand the effect of the torrefaction process. 
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Materials and methods 

Materials 

Yellow poplar (Liriodendron tulipifera ) chips were provided by Korea Forest 
Research Institute as lignocellulosic biomass and used for torrefaction. The wood 
chips were screened to the size of 10-30 mm using sieves (9.5 and 31.5 mesh) and 
dried to moisture content <10 %. The dried biomass was kept in a sealed plastic bag 
at room temperature for further processing. 

Torrefaction process 

The torrefaction of yellow poplar was performed at different temperatures (220- 
280 °C) and reaction time (20-80 min), which was expanded with four axial points 
and three replicates in the central point (Table 1). The severity factor (SF) was used 
to integrate the effects of reaction temperature and time into a single variable (Lloyd 
and Wyman 2005). 

Severity factor = Log jf x exp('' 475 ) j (1) 

where t is the reaction time for the torrefaction in minutes, T h the reaction tem¬ 
perature (°C), and T, the reference temperature, most often 100 °C. 

Prior to torrefaction, the wood chips were dried at 105 °C for 24 h to remove the 
water from the biomass. The dried wood chips were placed in a torrefaction reactor, 
equipped with a temperature controller and stirring system (Drying Engineering 
Inc., Korea). The biomass was torrefied under each condition in the absence of 
oxygen by feeding nitrogen into the reaction with a flow of 2 ml/min. After reaching 


Table 1 2 2 factorial design with four axial points and three replicates in the central point matrix 
employed for two independent variables 


Sample n 

0. Variables 


Coded levels 

Severity factor (SF) 

Time (min) Temperature (°C) Time 

X j X 2 Xi 

Temperature 

1 

50 

250 

0 

0 

6.12 

2 

50 

250 

0 

0 

6.12 

3 

50 

250 

0 

0 

6.12 

4 

70 

270 

1 

1 

6.85 

5 

70 

230 

1 

-1 

5.67 

6 

30 

270 

-1 

1 

6.48 

7 

30 

230 

-1 

-1 

5.30 

8 

80 

250 

1.4 

0 

6.32 

9 

50 

280 

0 

1.4 

7.00 

10 

20 

250 

-1.4 

0 

5.72 

11 

50 

220 

0 

-1.4 

5.23 
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the desired reaction temperature, the biomass was kept for each reaction time, and 
then, the heater was turned off. The torrefied biomass was collected and weighed. 

Moisture content, elemental analysis, and calorific value of biomass 

The moisture content, elemental and calorific value of the raw material and torrefied 
biomass were analyzed according to the quality standard of the wood pellet (Korea 
Forest Service 2009). The moisture content of the biomass was determined using the 
oven-dry method. The elemental analysis was conducted using an elemental 
analyzer (Thermo EA1112A, USA). Calorific values were measured using a Pan- 
6400 automated isoperibol bomb calorimeter (Parr Instrument Inc., USA). 

Chemical compositions of biomass 

The chemical composition of the raw material and torrefied biomass was determined 
according to National Renewable Energy Laboratory protocols (determination of 
carbohydrates and lignin content in biomass) (NREL, Golden, CO, USA). All 
experiments were performed in triplicate, and the mean value was reported. 

Physical properties of biomass 

To evaluate the grindability properties of the torrefied biomass, the size distribution 
of the biomass and power consumption during grinding was investigated. The 
torrefied biomass was placed into a four-blade cracker, and grinding was performed 
at 24,000 rpm for 1 min. The ground biomass was passed through three different 
sieves (1, 0.425 and 0.25 mm), and the fractions were separated and weighed 
depending on particle size. Energy consumption for size reduction in biomass was 
determined using an electronic energy meter (KEM2500, Korins Inc., Korea) during 
grinding. This energy only corresponds to that required for size reduction and not 
for movement of the mill alone. 

Hydrophobic testing was performed to compare the moisture uptake capacity of 
raw material and torrefied biomass (Ibrahim et al. 2013; Pimchuai et al. 2010). 
Approximately 0.5 g of biomass was immersed in water for 2 h, followed by air 
drying for 1 h. Finally, the moisture content was measured. 

Fourier transform infrared spectroscopy (FT-IR) was performed to study the 
functional group changes in torrefied biomass using a Nicolet 6700 spectrometer 
(Thermo Scientific, USA) with a universal ATR (window ZnSe/diamond). The 
spectrum was recorded in the wavelength range of 4,000-650 cm -1 with a 
resolution of 8 cm -1 . 

The torrefaction characteristics of biomass were analyzed with a thermogravi- 
metric analyzer (TA Instruments, USA). The heating temperature in the analyzer 
ranged from 25 to 700 °C with a heating rate of 10 °C/min. In each test, the biomass 
was tested under nitrogen gas flow of 100 ml/min. Both thermogravimetric and 
differential temperature measurements were recorded during combustion. 
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Measurement of the crystallinity value in the torrefied biomass was carried out 
via X’pert Pro Multipurpose X-ray Diffractometer (Panalytical, The Netherlands), 
as described by Segal et al. (1959). 

Response surface analysis for chemical composition of biomass 

A 2 2 factorial design was used to analyze the torrefaction characteristics of 
lignocellulosic biomass. The glucan, xylan, and lignin contents were used as the 
dependent output variables. Second-degree polynomials were calculated using 
Design-Expert version 8.0.1 software (Stat-Ease Inc., USA) to estimate the response 
of the dependent variables. Factors from each run were appropriately coded to real 
independent variables x/ and x 2 for the statistical model, as shown in Table 1. 


Results and discussion 

Elemental properties and chemical composition of raw material and torrefied 
biomass 

The moisture content of the biomass ranged from 1.34 to 3.62 %, whereas that of 
the raw material was 6.30 %. The concentration decreased with increase in SF (data 
not shown). 

The elemental properties of the biomass are listed in Table 2. The carbon content 
of the torrefied biomass increased as the SF increased, whereas the oxygen and 
hydrogen content decreased. The increase in carbon content in a given biomass 
implies the improvement of fuel energy because carbon content is directly related to 
the calorific value (Klinger et al. 2013; Medic et al. 2012). The nitrogen content did 
not significantly change during torrefaction, which was expected as reduction in the 
hydroxyl groups with water vapor formation from the biomass typically occurs 
during torrefaction (Ibrahim et al. 2013). 


Table 2 Elemental analysis of raw material and torrefied biomass (unit: %) 


Severity factor 

C(%) 

H (%) 

O (%) 

N (%) 

Raw material 

44.80 

5.89 

45.08 

0.23 

5.23 

46.76 

5.97 

41.96 

0.21 

5.30 

47.12 

5.89 

43.24 

0.24 

5.67 

47.50 

5.93 

42.43 

0.20 

5.72 

48.54 

5.98 

39.79 

0.25 

6.12 

49.23 

5.92 

40.02 

0.20 

6.32 

50.14 

5.84 

38.51 

0.27 

6.48 

51.79 

5.75 

30.89 

0.23 

6.85 

52.12 

5.77 

36.72 

0.23 

7.00 

52.96 

5.62 

36.77 

0.22 
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The H/C atomic ratio was plotted against the O/C atomic ratio for the raw 
material and torrefied biomass including typical data points for lignite and 
anthracite, as shown in Fig. 1 (Ibrahim et al. 2013; Lee and Lee 2014). The higher 
carbon content in the torrefied biomass may have resulted in a decrease of the H/C 
and O/C ratios. Both the H/C and O/C ratios decreased as the SF increased. The 
composition of the torrefied biomass approached that of lignite. The tendency 
revealed in this study concerns dehydration, as the H/C atomic ratio is proportional 
to the O/C atomic ratio. This result agrees with other data from previous studies 
(Lee et al. 2012; Wen et al. 2014). 

The glucan, xylan, and total lignin content of the biomass depended on the 
torrefaction conditions listed in Table 3. Xylan in the biomass was degraded during 
torrefaction. At a high SF (7.0), xylan content was only 6.14 % in the biomass. This 
result indicates that hemicelluloses are significantly affected by torrefaction. 
Hemicelluloses are known to decompose at a temperature of 225-300 °C (Prins 
et al. 2006); therefore, hemicelluloses degradation occurred regardless of the SF in 
this study. The amount of acetyl group also decreased with the xylan content 
because the xylose residues frequently contain approximately 7 acetyl groups per 10 
xylose units in hardwood (Sjostrom 1981). The hemicelluloses content in biomass 
has been confirmed as an important factor for torrefaction because the hemicel¬ 
luloses content is directly related to the H/C and O/C ratios and hydrophobic 
properties (Bergman et al. 2005; Chin et al. 2013). In contrast, the concentration of 
glucan and lignin increased with the severity of torrefaction because of the 
degradation of hemicelluloses. Cellulose and lignin are thermally stable compared 
to hemicelluloses and are degraded at temperatures of 305-375 and 250-500 °C, 
respectively (Prins et al. 2006). High lignin content in torrefied biomass is 
associated with high energy density because of the ether and C-C linkages in lignin, 
which have a higher energy than C-0 and C-H bonds (Shafizadeh et al. 1976; 
Lehtikangas 2001). Acid-insoluble lignin includes some products derived from the 




♦Raw material 
• SF 5.67 
■ SF 6.12 
—SF 6.85 


OSF5.23 
OSF5.72 
□ SF 6.32 
XSF7 


O/C atomic ratio 


Fig. 1 H/C versus O/C atomic ratio of raw material and torrefied biomass depending on the torrefaction 
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Table 3 Chemical composition of raw material and torrefied biomass (unit: %) 

Severity Glucan Xylan Acetyl Acid-insoluble Acid-soluble 

factor group lignin lignin 


Raw material 37.8 (0.90) 

5.23 39.93 (0.70) 

5.30 40.09 (0.93) 

5.67 42.69 (0.69) 

5.72 43.07 (1.04) 

6.12 45.77 (0.42) 

6.32 46.49 (1.21) 

6.48 47.6 (0.61) 

6.85 47.03 (0.91) 

7.00 48.34 (0.84) 


18.7 (0.36) 
18.29 (0.28) 
17.67 (0.72) 
16.6 (0.25) 

15.47 (0.30) 
13.64 (0.71) 

11.47 (0.60) 
9.07 (0.15) 

7.15 (0.17) 
6.14 (0.16) 


3.21 (0.11) 
3.37 (0.07) 
3.24 (0.08) 
3.17 (0.26) 
2.62 (0.36) 

2.33 (0.07) 
1.96 (0.04) 
1.72 (0.08) 
1.57 (0.10) 

1.34 (0.16) 


21.49 (0.75) 
23.12 (0.36) 

23.15 (0.74) 
24.46 (0.98) 
27.23 (0.82) 
28.93 (0.45) 
32.92 (0.63) 
37.00 (0.24) 
38.79 (1.40) 
41.22 (0.45) 


3.27 (0.07) 
2.65 (0.74) 
2.76 (0.03) 
2.70 (0.03) 
2.38 (0.27) 

2.35 (0.10) 
2.25 (0.04) 

2.15 (0.21) 
1.96 (0.33) 
1.48 (0.14) 


degradation of carbohydrate (Sannigrahi et al. 2011). Degradation products of 
carbohydrate such as furfural can react with lignin phenolic compounds, giving 
some acid-insoluble compounds during torrefaction (Chin et al. 2013). Therefore, 
torrefied biomass with low xylan and high glucan and lignin concentration is a 
suitable resource for improvement of fuel properties. 

Response surface analysis for glucan, xylan, and lignin contained in the biomass 

To determine appropriate torrefaction conditions for high glucan and lignin and low 
xylan content in the torrefied biomass, response surface analysis was performed. 
The modeling results for glucan, xylan, and lignin are given in Fig. 2. A three- 
dimensional plot was used to predict the concentration of each component under 
optimum conditions. The results of the analysis of variance (ANOVA) for Eqs. (2)- 
(4) are presented in Table 4. Y\, Y 2 , and F 3 are the predicted concentration of 
glucan, xylan, and lignin, respectively. X\ and x 2 denote the reaction time and 
temperature, respectively. These models were found to be significant at the 99 % 
confidence level. The model’s F values for glucan (160.56), xylan (122.48), and 
lignin (51.35) were lower than the tabular F values, indicating that the models were 
significant in the region studied. For all models, the “lack of fit F values” was 
between 1.95 and 8.70, which implied that the lack of fit was not significant relative 
to the pure error. To fit the models, the lack of fit needs to be nonsignificant. 

Yi = 46.7667 + 3.0929x 2 + 0.7333xi 
- 0.5425 xiX 2 - 1.4046x? - 1.0821xj 

Y 2 = 13.07 - 4.5291x2 - 0.9559 


( 2 ) 

(3) 
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Table 4 Analysis of variance (ANOVA) for the adjusted model for glucan, xylan, and lignin in the 
biomass during torrefaction 

Source 

Sum of squares df 

Mean square 

F value 

p value (Prob > F) 

Glucan 






Model 

95.92 

5.00 

19.18 

39.85 

0.0005 

Residual 

2.41 

5.00 

0.48 



Lack of fit 

2.18 

3.00 

0.73 

6.34 

0.14 

Pure error 

0.23 

2.00 

0.11 



Corrected total 

98.32 

10.00 




Temp. 

76.53 

1.00 

76.53 

158.99 

<0.0001 

Time 

4.30 

1.00 

4.30 

8.94 

0.03 

Time x temp. 

1.18 

1.00 

1.18 

2.45 

0.18 

(Temp.) 2 

11.14 

1.00 

11.14 

23.14 

0.00 

(Time) 2 

6.61 

1.00 

6.61 

13.74 

0.01 

Adjusted R 2 : 0.9755 






Xylan 






Model 

171.41 

2.00 

85.71 

99.69 

<0.0001 

Residual 

6.88 

8.00 

0.86 



Lack of fit 

5.87 

6.00 

0.98 

1.95 

0.38 

Pure error 

1.00 

2.00 

0.50 



Corrected total 

178.29 

10.00 




Temp. 

164.10 

1.00 

164.10 

190.88 

<0.0001 

Time 

7.31 

1.00 

7.31 

8.50 

0.02 

Time x temp. 

6.88 

8.00 

0.86 

0.00 

0.00 

(Temp.) 2 

5.87 

6.00 

0.98 

1.95 

0.38 

(Time) 2 

1.00 

2.00 

0.50 

0.00 

0.00 

Adjusted R 2 : 0.9614 






Lignin 






Model 

348.37 

5.00 

69.67 

76.73 

0.0001 

Residual 

4.54 

5.00 

0.91 



Lack of fit 

4.22 

3.00 

1.41 

8.70 

0.10 

Pure error 

0.32 

2.00 

0.16 



Corrected total 

352.91 

10.00 




Temp. 

321.93 

1.00 

321.93 

354.54 

<0.0001 

Time 

14.23 

1.00 

14.23 

15.67 

0.01 

Time x temp. 

0.03 

1.00 

0.03 

0.03 

0.87 

(Temp.) 2 

12.12 

1.00 

12.12 

13.35 

0.01 

(Time) 2 

1.63 

1.00 

1.63 

1.80 

0.24 

Adjusted R 2 : 0.9871 
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Y 3 = 31.2733 + 6.3436X2 + 1.3336*i 

, (4) 

+ 0.08xiX2 + 1.4652*1 + 0.5377x? 

The glucan contents in the biomass depending on reaction temperature and time 
are shown in Fig. 2a. According to the model, temperature and time squared were 
the only significant parameters. The reaction temperature had more impact on the 
change of glucan content than the reaction time during torrefaction under the 
studied conditions. The glucan concentration increased with increasing temperature 
and time, but decreased under severe conditions with high temperatures and long 
reaction times. This finding implies that cellulose degradation begins under severe 
conditions (Lee et al. 2012). The xylan concentration during torrefaction depended 
highly on reaction temperature rather than time (Fig. 2b). Low xylan concentrations 
were observed at high reaction temperature and long reaction time. The lignin 
concentration significantly increased at high temperature because of cellulose and 
hemicelluloses degradation during torrefaction (Fig. 2c). The reaction temperature 
had the highest impact on the lignin concentration in the torrefied biomass; time had 
a considerably lower effect. 

The proposed model for determining the chemical compositions was validated 
under the conditions determined by the statistical methodology. Torrefaction was 
conducted at high SF (0.7-1.4 code level of temperature and time for glucan and 
lignin in Fig. 2). However, the energy yield should be considered to determine the 
optimal torrefaction condition. 

Analysis of caloric value and weight loss based on SF 

Calorific value and weight loss depending on SF are shown in Fig. 3. The calorific 
value and weight loss gradually increased with SF. The change in the carbon, 
glucan, and lignin contents in the biomass, depending on SF, was correlated with the 
calorific value. This result is in agreement with that of other studies (Lee et al. 2012; 


H 

1 I 


5.0 5.5 6.0 6.5 7.0 7.5 

Severity factor 

Fig. 3 Calorific value and weight loss of torrefied biomass depending on torrefaction severity 
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Medic et al. 2012). The calorific value of the torrefied biomass was 20.84 MJ/kg at 
an SF of 7.0, representing an increase of 15.01 % compared to the raw material. The 
weight loss of the biomass is an important indicator of the degree of torrefaction 
(Ohliger et al. 2013). The weight loss of biomass also increased with increasing SF. 
At SF 7, the biomass lost more than 27 % of the raw material weight. At low SF, the 
weight loss mostly resulted from the thermal degradation of hemicelluloses and the 
release of volatile components from biomass, whereas the weight loss of biomass at 
high SF was attributed to the simultaneous reactions of hemicelluloses and cellulose 
(Lee et al. 2012). The calorific value and weight loss did not change concurrently; 
the weight was lost faster than the calorific value. Therefore, severe torrefaction 
conditions are desirable for biomass with high energy density, such as that with high 
glucan and lignin content. 

Physical characterization of torrefied biomass 

In general, wood chips and pellets have relatively high moisture contents, 
hydrophilic behavior, and storage issues when compared with coal (Chen and 
Kuo 2010). Therefore, hydrophobicity is required for biomass transported over long 
distances and stored for a long time. The hydrophobicity of the torrefied biomass 
results in less moisture uptake during storage. Figure 4 shows that the moisture 
uptake capacity of torrefied biomass depended on the SF. Moisture uptake capacity 
decreased with increasing torrefaction severity. The low moisture uptake capacity 
indicates that the biomass was highly hydrophobic. This finding is in agreement 
with other reports (Ibrahim et al. 2013; Satpathy et al. 2014). In particular, the 
moisture concentration sharply decreased at SF 5.72 and then gradually decreased 
because the volatile compounds and hemicelluloses were preferentially removed 
during torrefaction at low SF. 

Torrefaction provides improvement of the physical properties of biomass by 
increasing the hydrophobicity. However, this property negatively affects the 
pelletizing of the torrefied biomass. 


g ™ 

! 65 

| 60 

I 55 

50 

5.0 5.5 6.0 6.5 7.0 7.5 

Severity Factor 
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The effect of the torrefaction SF on the particle size distribution of ground 
torrefied biomass through three different sieves is shown in Fig. 5. The torrefaction 
at a high SF produced smaller particles than mild torrefaction. The large particle 
size (>1 mm) decreased with increasing SF. As the torrefaction severity increased, 
the torrefied biomass became more grindable or brittle, resulting in a higher fraction 
of the sample passing through the 0.25-mm sieve. The torrefaction severity plays an 
important role in determining the size distribution. A similar trend of particle size 
distribution has also previously been reported (Phanphanich and Mani 2011; Chen 
and Kuo 2010). Overall, the torrefied biomass presented a relatively uniform 
particle size range relative to the raw material because the torrefied biomass is easily 
broken, similar to coal. This behavior was directly supported by the grinding energy 
consumption of the torrefied biomass for pellet production. 

To produce pellets from torrefied biomass, size reduction in the biomass is 
required. The energy consumption needed for size reduction was estimated using a 
modification of a previous method (Phanphanich and Mani 2011). The effect of the 
torrefaction conditions on the power consumption required for grinding of the 
torrefied biomass and raw material is shown in Fig. 6. The torrefied biomass 
(55.1-65.6 kWh/t) required significantly less energy for size reduction than the raw 
material (145 kWh/t), resulting in energy savings of 54.7-62 %. The specific 
grinding energy consumption of torrefied biomass decreased with increasing 
severity, which was similar to the finding for particle production in the grindability 
test. Based on energy consumption, torrefied biomass is an economically feasible 
source for pellet production. 

FT-IR spectra of raw material and torrefied biomass are shown in Fig. 7. 
Torrefied biomass changed significantly in the proximity of the 3,400 and 
1,740-1,710 cm -1 . Bands at approximately 1,740-1,710 cm -1 are related to the 
stretching vibrations of the C=0 groups of carboxylic acids within hemicelluloses 
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Severity Factor 

Fig. 6 Energy consumption for size reduction in raw material and torrefied biomass during grinding 



Wavenumber (cm' 1 ) 

Fig. 7 Change of the FT-IR spectra in raw material and torrefied biomass depending on the torrefaction 
conditions 


(Ibrahim et al. 2013). The intensity of the O-H bands decreased at approximately 
3,400 cm -1 . The loss of O-H groups explains the improved hydrophobicity of 
torrefied biomass (Rousset et al. 2011). The peak at approximately 1,100 cm -1 (an 
aromatic C-H group) was present in both the raw material and torrefied biomass, 
indicating that lignin did not degrade under torrefaction conditions. At SF 6.85, the 
intensity of the C-O-C band (1,250-1,220 cm -1 ) decreased, which is an indication 
that hemicelluloses and cellulose decomposed under severe torrefaction conditions. 
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Temperature('C) Temperaturefc) 


Fig. 8 Thermogravimetric analysis of raw material and torrefied biomass depending on the torrefaction 
conditions (a TGA, b DTG) 



5 5.5 6 6.5 7 7.5 

Severity Factor 


Fig. 9 Change in the crystallinity value of raw material and torrefied biomass 


The TGA and DTG profiles of the raw material and torrefied biomass are shown 
in Fig. 8. The thermal decomposition behavior showed an obvious difference 
between raw material and torrefied biomass. Thermal decomposition was signif¬ 
icantly accelerated between approximately 280 and 380 °C. The weight of the raw 
material decreased markedly at 250 °C, while the temperature for torrefied biomass 
increased with increased SF. In the derivative thermogravimetric (DTG) curve, the 
composition of hemicelluloses, cellulose, and lignin was clearly identified between 
raw material and torrefied biomass. The peak corresponding to hemicelluloses 
(305 °C) disappeared with increased SF. However, peaks representing cellulose 
(374 °C) and lignin (438 °C) increased significantly with increased SF. This is due 
to the pronounced degradation of hemicelluloses during torrefaction (Chen et al. 
2011; Kim et al. 2012). 

The cellulose crystalline structure in the biomass was changed by torrefaction. 
The crystallinity value of the raw material was estimated to be 35.83 %, while that 
of torrefied biomass ranged from 43.83 to 48.57 % (Fig. 9). The crystallinity value 
increased from 35.83 to 48.57 % until SF reached 6.48 due to degradation of 
hemicelluloses during torrefaction. The value drops to 44.47 % at a SF of 7. The 
increased crystallinity values of torrefied biomass are attributed to the degradation 
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of amorphous hemicelluloses and amorphous regions of cellulose (Chang et al. 
2012). Some of the crystalline cellulose in biomass decreased during severe 
torrefaction conditions (SF 7.0), which causes a decrease in the crystallinity of 
torrefied biomass. 


Conclusion 

The chemical and physical properties of torrefied biomass were investigated for 
different reaction temperatures and times. Reaction temperature had a strong impact 
on the change of the chemical composition of the torrefied biomass, whereas time 
had a considerably lower effect. At a low SF, torrefaction had a significant effect on 
the degradation of hemicelluloses, but not on that of cellulose or lignin. Torrefied 
biomass is more hydrophobic and becomes easier to grind to a small particle size. 
The specific grinding energy consumption of the torrefied biomass decreased with 
increasing torrefaction severity. Overall, the chemical and physical properties of 
torrefied biomass as fuel were improved compared to that of raw material. 
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